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DSAC Enables a Scalable DSN Tracking 
Architecture

Tomorrow’s	1-Way	Navigation	w/	DSAC	Onboard
One	antenna	supports	multiple	s/c	simultaneously	

Today’s	2-Way	Navigation
One	antenna	supports	one	s/c

Tracking	split	among	s/c Downlink	tracking	shared	by	
multiple	s/c

Any	s/c	in	view	of	uplink	can	
track	signal

Accurate	s/c	to	s/c	link	extends	network
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Standard Kalman Filter Scenario

• Standard assumption is the epoch of the state estimate and 
measurements are coincident

• What are the implications when these epochs are not coincident?
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Generalized Measurement Model 

• The measurements arrive after the epoch of the state estimate of 
interest, that is 𝑡𝑡3 > 𝑡𝑡"
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Current Measurement Epoch
t j+1

Current Batch Epoch Next Batch EpochPrior Batch Epoch

Filter Update
Timeline

Measurement 
Timeline

t j−n t j−1 t j

Prior Batch Measurement Epochs Current Batch Measurement Epochs

tk−1 tk tk+1

𝐱𝐱"5' = 𝚽𝚽"5',"𝐱𝐱" + 𝐰𝐰"5',"
𝐳𝐳3 = 𝐇𝐇3𝐱𝐱3 + 𝐯𝐯3

𝐱𝐱- 𝑡𝑡" = 𝐸𝐸 𝐱𝐱"|𝐙𝐙3 = 𝐳𝐳', … , 𝐳𝐳3

Uniform cadence of batch updates 

Non-uniform cadence of measurements
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Batch Sequential Filter

• Effect ’pulls forward’ process noise into the measurement model

• The Kalman Filter equations are updated to a more general form 
that admits correlations between measurement and process noise
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Space Clocks:
CSAC, USO, and DSAC
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Iris V1 and CSAC Test Set Up 

Iris V1

Raspberry Pi

CSAC

DSAC 
Payload
- USO
- DSAC
- GPSR

Allan Deviations Generated from 
Simulated Data
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Simplified 2-D Clock Model with Phase and 
Phase Difference Measurements
• Clock phase error and rate error dynamics

• Correlated process noise

• Clock phase and phase difference measurements 
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CSAC Clock Sim – Naïve Filter (Standard KF) 
vs Proper Measurement Weight Filter
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Suboptimal solution with naïve filter
• Errors exceed 1-sigma uncertainty 

95% >> 33%

Optimal solution with proper 
measurement deweighting
• Filter sample statistics consistent with 

1-sigma uncertainty
• Lower magnitude noise
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Deep Space One-Way Radiometric 
Measurements
• Phase:

• Doppler: 

• Range:

• Clocks with AD > 3.E-13 at 60 sec a significant error source and will 
require proper deweighting for optimal solutions
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Φ 𝑡𝑡 = Δ𝑟𝑟 𝑡𝑡 + 𝑐𝑐 𝑥𝑥U 𝑡𝑡 − 𝑥𝑥V 𝑡𝑡 − 𝜏𝜏 − 𝐼𝐼 𝑡𝑡 − 𝑆𝑆 𝑡𝑡 + 𝑇𝑇 𝑡𝑡 +

𝑃𝑃𝑃𝑃 𝑡𝑡 +𝑀𝑀^ 𝑡𝑡 + 𝑏𝑏U^ 𝑡𝑡 + 𝑏𝑏V^ + 𝑁𝑁 + 𝑣𝑣 𝑡𝑡

𝐹𝐹 𝑡𝑡 ≜
Φ 𝑡𝑡 − Φ 𝑡𝑡 − 𝑇𝑇

𝑇𝑇

R 𝑡𝑡 = Δ𝑟𝑟 𝑡𝑡 + 𝑐𝑐 𝑥𝑥U 𝑡𝑡 − 𝑥𝑥V 𝑡𝑡 − 𝜏𝜏 + 𝐼𝐼 𝑡𝑡 + 𝑆𝑆 𝑡𝑡 + 𝑇𝑇 𝑡𝑡 +
𝑀𝑀d 𝑡𝑡 + 𝑏𝑏Ud 𝑡𝑡 + 𝑏𝑏Vd + 𝜀𝜀 𝑡𝑡

2f σ𝑣𝑣 𝑡𝑡
𝑇𝑇

~ 0.1 mm/s with T = 60 sec → AD ~ 3.E-13

σ𝜀𝜀 𝑡𝑡 ~ 1 – 2 m → AD ~ 1.E-10 on a 60 sec interval
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Mars OD Sim – Naïve Filter (Standard KF) vs 
Proper Measurement Weight Filter – Clock Only 
with CSAC
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Suboptimal solution with naïve filter
• Errors exceed 1-sigma uncertainty 

93% >> 33%

Optimal solution with proper 
measurement deweighting
• Filter sample statistics consistent with 

1-sigma uncertainty
• Lower magnitude short-term noise
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Mars OD Sim – Proper Measurement Weight 
Filter – All Errors – CSAC and DSAC cases

• Naïve filter results (not shown) yield divergent OD solutions
• Expectedly, DSAC OD on par with traditional OD using 2-Way data 

types, CSAC OD about an order of magnitude worse
• Proper measurement deweighting required
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CSAC DSAC
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Conclusions

• Batch sequential filtering with non-uniform measurement frequency 
requires an alternate KF approach
• Naïve use of the standard KF algorithms yields divergent 

solutions when measurement error sources that participate in the 
filter state are significant relative to instrument noise

• Modifying the measurement weight to include portion of process 
noise in weight solves problem

• Issues with correlated measurement noise or correlations with 
process noise not as significant of an issue

• Investigation into other significant error sources such as solar 
plasma (most significant error for two-way data types) 
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